Recently, a family of polyketide inhibitors of F0F1-ATPase, including apoptolidin, ossamycin, and oligomycin, were shown to be among the top 0.1% most cell line selective cytotoxic agents of 37,000 molecules tested against the 60 human cancer cell lines of the National Cancer Institute. Many cancer cells maintain a high level of anaerobic carbon metabolism even in the presence of oxygen, a phenomenon that is historically known as the Warburg effect. A mechanism-based strategy to sensitize such cells to this class of potent small molecule cytotoxic agents is presented. These natural products inhibit oxidative phosphorylation by targeting the mitochondrial F 0F1 ATP synthase. Evaluation of gene expression profiles in a panel of leukemias revealed a strong correlation between the expression level of the gene encoding subunit 6 of the mitochondrial F 0F1 ATP synthase (known to be the binding site of members of this class of macrolides) and their sensitivity to these natural products. Within the same set of leukemia cell lines, comparably strong drug-gene correlations were also observed for the genes encoding two key enzymes involved in central carbon metabolism, pyruvate kinase, and aspartate aminotransferase. We propose a simple model in which the mitochondrial apoptotic pathway is activated in response to a shift in balance between aerobic and anaerobic ATP biosynthesis. Inhibitors of both lactate formation and carbon flux through the Embden-Meyerhof pathway significantly sensitized apoptolidin-resistant tumors to this drug. Nine different cell lines derived from human leukemias and melanomas, and colon, renal, central nervous system, and ovarian tumors are also sensitized to killing by apoptolidin.
D
rugs that can selectively sensitize cancer cells to apoptosis induction are likely to play a vital role in cancer therapy. Recently, the discovery of a polyketide natural product, apoptolidin ( Fig. 1) , that selectively sensitizes E1A-transformed, but not ras-or myc-transformed, cells to apoptosis, was reported (1, 2) . In the course of our studies on the molecular target of this natural product, we found that apoptolidin is a potent inhibitor of the mitochondrial ATPase (3) . Although the antifungal activities of other macrolide inhibitors of the same enzyme [e.g., oligomycin, cytovaricin, and ossamycin ( Fig. 1) ] are well documented, their potential relevance as reagents to modulate apoptotic pathways is only now being recognized (4) , and their unusual selectivity toward certain cell types is not widely appreciated (Fig. 2 ). An extremely powerful method to test selectivity of an anticancer drug to various types of cancer is the sensitivity pattern among the NCI-60 (5, 6) . The polyketide inhibitors of F 0 F 1 -ATPase, including apoptolidin, ossamycin, and oligomycin, were shown to be among the top 0.1% most cell line selective cytotoxic agents of 37,000 molecules tested against the human cell lines of the NCI-60 (3) . By comparison of the pattern of sensitivity of a molecule to the approximately 70,000 molecules previously examined, one can often discover molecules of known mechanisms of action that show high correlation to the compound, suggesting a similar mechanism of action (7) . A recent report describing the expression profiles for approximately 10,000 genes in the NCI-60 cell lines (8, 9) raised the possibility of discovering correlations between gene expression in the cell lines shown in Fig. 2 and their sensitivities to this family of natural products.
Materials and Methods
Cells. HCT-116, HT-29, IGR-OV-1, M14, RPMI-8226, SN12C, 786-0, and SF-539 cells were obtained from Katherine D. Gill of the National Cancer Institute (Bethesda). Jurkat clone E6-1 was obtained from the American Type Culture Collection. Cell lines were grown in RPMI medium 1640 (Life Technologies, Rockville, MD) supplemented with 10% (vol͞vol) FCS (Life Technologies), 2 mM glutamine, 100 units͞ml penicillin, and 50 units͞ml streptomycin at 37°C, 5% CO 2 in air in a humidified incubator.
Drug Additions. Apoptolidin was isolated from the producing organism as described in ref. 2 . Oligomycin A, B, C, oxamate, and 2-deoxyglucose were obtained from Sigma. Concentrated stock solutions of apoptolidin and oligomycin were prepared in PBS with less than 1% DMSO in the final drug dilution. Western Blotting. For analysis of HIF-1␣ gene expression levels, total cellular protein was isolated by lysing cells for 1 min at 98°C in a buffer of 2% (wt͞vol) SDS, 50 mM Tris⅐HCl (pH 6.8), 5% (vol͞vol) glycerol, 5% (vol͞vol) 2-mercaptoethanol, and 0.001% bromophenol blue (pH 6.8). Protein concentration was determined by the Lowry method (Bio-Rad). Equal amounts of protein were subjected to SDS͞15% PAGE and electroblotted to a nitrocellulose membrane. The membrane was blocked for 1 h in blocking buffer [PBS͞Tween 20͞10% (vol/vol) milk] and then incubated for 4 h with 1:250 mouse anti-human HIF-1␣ antibody (clone 54, PharMingen). Membrane was then washed two times for 15 min each in blocking buffer followed by two more washes for 15 min each in PBS͞Tween. Membrane was then stained with Abbreviation: NCI-60, the 60 human cancer cell lines of the National Cancer Institute. ‡ To whom reprint requests should be addressed at: Department of Chemical Engineering, MC5025, Stanford University, Stanford, CA 94305-5025. E-mail: ck@chemeng.stanford. edu.
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1:1,000 sheep anti-mouse Ig (Amersham Pharmacia) directly conjugated to horseradish peroxidase for 1 h in blocking buffer and washed two times with blocking buffer and then two times with PBS͞Tween. Bands were visualized by using chemiluminescence with the enhanced chemiluminescence kit from Amersham Pharmacia.
Results
A global comparison of the IC 50 values for cytovaricin, ossamycin, oligomycin, or apoptolidin and the gene expression profiles in the entire panel of cell lines failed to reveal any statistically significant pairwise correlations (tools available at http:͞͞discover.nci.nih.gov͞nature2000͞ were used for this analysis). However, intriguing correlations were observed within some subsets of cell lines of different cell types. Notably, among leukemia cell lines (n ϭ 6), the expression levels of the gene encoding the F 0 subunit 6 of the mitochondrial ATP synthase correlated well with potency of cytovaricin toward these cell lines (Table 1) . (Cytovaricin was chosen because of its superior dynamic range for data analysis and the fact that data against six leukemia cell lines were available.) Previous work has established that the precise target of antifungal agents such as oligomycin and ossamycin in yeast is at the interface of F 0 subunits 6 and 9 (10 -12) . Together with the general observation that leukemia cells are particularly sensitive to these macrolides (for an example, see Fig. 2 ), this statistically significant correlation led us to focus further analysis on expression profiles only within the leukemia cell subset of the NCI-60. Remarkably, this focused search led to the emergence of strong positive correlations between cytovaricin sensitivity and the expression levels of two key enzymes in central carbon metabolism: pyruvate kinase (liver isozyme) and aspartate aminotransferase (Table 1) . Furthermore, strong negative correlations were observed between hypoxiainducible factor 1␣ (HIF-1␣) gene expression and cytovaricin sensitivity among the leukemia cell subset.
Pyruvate kinase is positioned at a key branch-point in glucose metabolism. Because the liver isozyme is most sensitive to feedback regulation (13, 14) , its high expression level suggests that the cell controls carbon f lux at this point in the In addition to the genes documented here, 28 other genes had correlation coefficient values greater than 0.97 to cytovaricin sensitivity. Of these, 21 genes were expressed sequence tags of unknown function. The remaining genes included ␣-syntrophin (AA026753), human mitogen-induced nuclear orphan receptor (W42606), G9 gene encoding sialidase (AA045288), CDW52 antigen (W79743), wingless-type MMTV integration site (H02859), atopy-related autoantigen (AA031269), and the KIAA0207 gene product (W94015). Embden-Meyerhof pathway, rather than allowing carbon overf low into lactate. Therefore, the expression level of this isozyme would be expected to correlate directly with the aerobic status of the cell. Likewise, aspartate aminotransferase, a key enzyme in the aspartate-malate shuttle that converts NADH into ATP with high efficiency, has been shown to be critical in the mitochondrial activity of cancer cells (15) (16) (17) . Again, its high expression level might be expected to correlate with a strong dependence on mitochondrial activity for carbon metabolism. HIF-1␣ is a transcription factor that regulates the transcription of key glycolytic enzymes including aldolase, lactate dehydrogenase, pyruvate kinase (muscle isozyme), enolase, and phosphofructokinase, which collectively mediate increased glycolytic generation of ATP and other intracellular metabolic adaptations to hypoxia important for tumor progression to the lethal phenotype (18, 19) . Taken together, these observations led us to formulate a simple model in which apoptosis was induced in response to these macrolides by a specific signal that responds to a shift in balance between aerobic and anaerobic ATP biosynthesis. This metabolismdriven model might explain why untransformed cells (which presumably have low ATP requirements that can be met by basal mitochondrial activity) are resistant to apoptolidin (2), whereas certain tumors, such as leukemias (which presumably have a high ATP demand that depends on maximal mitochondrial activity), are sensitive to apoptolidin. This model also suggests that tumor cells that principally depend on anaerobic fermentation for meeting their high ATP demand would be resistant toward apoptolidin. To test these hypotheses, two pharmacological approaches were designed. First, the implications of cotreating cells with apoptolidin and oxamate were investigated. Oxamate, an inhibitor of lactate dehydrogenase, would be expected to attenuate lactate formation, thereby channeling carbon f lux from the Embden-Meyerhof pathway into the mitochondria. Second, the effect of cotreating cells with apoptolidin and 2-deoxyglucose was studied. 2-Deoxyglucose inhibits carbon f lux through the Embden-Meyerhof pathway as a result of the formation of a dead-end metabolite via a hexokinase-catalyzed reaction. Both these strategies might be expected to shift the balance from anaerobic toward aerobic ATP biosynthesis. Jurkat cells were initially used for these studies, because they are prolific producers of lactate (data not shown) and are ordinarily resistant to apoptolidin. Cells were strongly sensitized toward this macrolide in the presence of either oxamate or 2-deoxyglucose (Fig. 3) . Oxamate also has a demonstrable effect on LYas, a mouse lymphoma cell line that is ordinarily sensitive to apoptolidin (3, 20) . Whereas cell death is induced in only 25% of the cells at 7 h after treatment in the presence of 0.1 M apoptolidin alone; cotreatment with increasing concentrations of oxamate resulted in increased induction of the cells to apoptosis after a 7-h treatment (Fig. 4) . The generality of this chemosensitization effect was confirmed on nine different cell lines that are ordinarily resistant or partially resistant to apoptolidin, including cell lines derived from human leukemias and melanomas, as well as colon, renal, central nervous system, and ovarian tumors (Fig. 5) . To elaborate the importance of HIF-1␣ protein, we determined that treatment with 50 mM of 2-deoxyglucose or oxamate dramatically reduced the amount of HIF-1␣ protein expression in SN12C cells treated for 20 h (Fig. 6) .
Discussion
Many cancer cells maintain a high level of anaerobic carbon metabolism even in the presence of oxygen, a phenomenon that is historically known as the Warburg effect (21, 22) . From our results, we conclude that macrolide inhibitors of the mitochondrial F 0 F 1 -ATP synthase selectively kill metabolically active tumor cells that do not exhibit the Warburg effect. Furthermore, tumor cells that exhibit the Warburg effect can be sensitized toward this class of cytotoxic agents on treatment with nontoxic molecules such as oxamate and 2-deoxyglucose. The lactate dehydrogenase inhibitor oxamate would be expected to attenuate lactate formation, thereby channeling carbon f lux from the Embden-Meyerhof pathway into the mitochondria. The Embden-Meyerhof pathway inhibitor 2-deoxyglucose would also be expected to increase cellular dependence on mitochondrially derived aerobic energy. Thus, these polyketides might offer tools for the study of cancer biology and possibly for cancer therapy.
In conclusion, we note that, although the precise mechanism for induction of apoptosis by this strategy remains to be established, we have shown that it involves the well characterized mitochondrial apoptotic pathway (23) . Evidence for this comes from recent observations that BCL-2 overexpression as well as caspase-9 inhibitors antagonize the cytotoxic activity of apoptolidin (3), and that oligomycin inhibits the staurosporine-or Bax-induced release of cytochrome C from intact mitochondria (4, 24) . Further biological investigations with this class of selective cytotoxic agents might reveal new insights into the mechanisms of programmed cell death.
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